This paper presents an influence of Al and Ag additions on the thermal stability and devitrification behavior of Cu-Zr glassy alloy on heating. The crystallization kinetics and structure changes in Cu 50 Zr 45 Al 5 and Cu 45 Zr 45 Al 5 Ag 5 glassy alloys on heating were studied by X-ray diffraction, transmission electron microscopy, differential scanning and isothermal calorimetry methods. 
Introduction
Bulk metallic glassy (BMG) alloys are being widely studied since 80-th. 1, 2) Among them Cu-based BMG alloys were reported to exhibit a high mechanical strength exceeding 2 GPa. 3, 4) A quaternary Cu 55 Zr 30 Ti 10 Co 5 glassy alloy showed the one of highest ultimate compressive strength values among Cu-based glasses of 2.3 GPa. 5 ) Cu 50 Hf 45 Al 5 bulk glassy alloy rod also exhibited high compressive fracture strength of 2.2 GPa.
6) It was also shown that the nanocrystal-glassy Cu-Zr composite showed a room temperature compressive plastic deformation of 50%. 7) Binary Cu-Zr and Cu-Hf bulk glassy alloys formed in the narrow composition ranges have been studied recently. [8] [9] [10] [11] However, some of them were found to contain nanocrystals. 7) An addition of the third element like Ti 1) or Al, 12, 13) for example, enhances the glass-forming ability (GFA) 14) of a binary alloy in accordance with the ''confusion'' principle 15) (discussed in detail in Ref. 16 )) which postulates that the multicomponent alloys in general posses higher GFA than the binary alloys if some other important principles such as large atomic size ratios and highly negative mixing enthalpies known as parts of Inoue rules 17) are satisfied. Correctly chosen quaternary alloys have even higher GFA. 18, 19) The assolidified structure of Cu-Zr-Ti glassy alloys 20, 21) has been studied. The devitrification behavior of the binary Cu-Zr alloys 22, 23) including Cu 50 Zr 50 alloy, as well as the ternary Cu-Zr-Ti, [24] [25] [26] [27] [28] quaternary Cu-Zr-Ti-Ni and quinary Cu 47 -Ti 33 Zr 11 Ni 8 X 1 (X ¼ Fe, Si, Sn, Pb) alloys 29) glassy alloys has been also studied in detail. 30, 31) An oxidation behavior of Cu-Zr and Cu-Zr-Ti metallic glasses has also been investigated extensively. 32, 33) A study of the formation of the glassy alloys in a Zr-Cu-Al system has been also carried out recently. 34) Low liquidus temperature was detected in a wide compositional area of 40-70 at% Zr, 30-60 at% Cu and 0-10 at% Al. 35) Cu 47:5 Zr 47:5 Al 5 glassy alloy exhibits a relatively large ductility. 36) Cu 45 Zr 45 Ag 10 alloy exhibited one of the highest GFAs (the critical diameter is 6 mm) among Cu-Zr-Ag glassy alloys and a high mechanical strength of 1.8 GPa. 37) Ag also drastically improves the GFA of a Cu-Zr-Ti alloy 38) and the Cu-Zr-Al alloys. 39, 40) The GFA of the BMG alloys is analyzed based on a widely used factors like T g =T l criterion 41) where T g is the glasstransition temperature while T l is the liquidus temperature; the width of the supercooled liquid region (ÁT x ) defined as T x À T g where T x is the onset crystallization temperature used as an indicator of the stability of the supercooled liquid against crystallization; and ¼ T x =ðT g þ T l Þ parameter 42) which somehow combines ÁT x and T g =T l criteria 43) and gives better correlation with the experimental data.
Cu 35 Zr 45 Ag 20 alloy studied recently exhibited possible phase separation upon heating within a supercooled liquid region just prior to crystallization of a liquid 44) because no phase separation was observed at T g and below it. This is the most probable reason for the existence of the residual globular amorphous phase observed in the sample heat treated at 722 K for 1 ks. Such a phase separation in the CuZr-Ag system can be expected according to a simple eutectictype Cu-Ag phase diagram 45) and a slightly negative mixing enthalpy in Cu-Ag pair. 46 The formation of the nanoscale icosahedral phase was observed in some Cu-Zr-Ti-NM (NM-noble metals) alloys with low oxygen contents below 800 mass ppm alloyed with Pd 49, 50) and Au 51) while Ag-and Pt-bearing alloys did not form the icosahedral phase.
52) The substitution of 5-10 at% Cu with Pd in the Cu 60 Zr 30 Ti 10 glass-former changes its devitrification pathway, 53) inducing nucleation and diffusioncontrolled growth of a nanoicosahedral phase of about 3-10 nm from the supercooled liquid region in the initial stage of the devitrification process. 54) The thermal stability and devitrification behavior of CuZr-Al-Ag alloy as important features of metallic glasses influencing their applications are the subjects of study in the present work. Thus, in the present paper we report the crystallization kinetics and structure changes in the Cu 50 
Experimental Procedure
The ingots of the Cu 50 Zr 50 , Cu 50 Zr 45 Al 5 and Cu 45 Zr 45 -Al 5 Ag 5 alloys (composition is given in nominal atomic percentages) were prepared by arc-melting mixtures of Cu having 99.99 mass% purity, Zr having 99.8 mass% purity as well as Al and Ag having 99.9 mass% purity in an argon atmosphere. From these ingots, ribbon samples of about 20 mm in thickness and 1 mm in width were prepared by rapid solidification of the melt on a single copper roller at a roller tangential velocity of about 40 m/s. 57) The structure of the samples was examined by X-ray diffractometry (XRD) with monochromatic CuK radiation. The phase transformations were studied by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s and differential isothermal calorimetry. Transmission electron microscopy (TEM) investigation was carried out using a JEM 2010 (JEOL) microscope operating at 200 kV. The samples for TEM were prepared by an ion polishing technique. Oxygen content in the studied alloy has been kept below 800 mass ppm.
Results
The structure of the as-solidified alloys was found to consist of a glassy phase.
56) The devitrification behavior on heating was investigated using DSC. Fig. 1 demonstrate an increment of the heat capacity (C p ) at the glass transition temperature (T g ) (the temperature corresponding to the beginning of glass-transition is shown in the figure) and subsequent exothermic peak due to crystallization of the supercooled liquid starting at the onset temperature (T x ) (see Fig. 1 ). The Al-and Ag-bearing alloys studied demonstrate a single-stage crystallization behavior while the DSC of the basic Cu 50 Zr 50 alloy exhibits a double-stage crystallization behavior (Fig. 1) .
The phase composition of the annealed samples is determined using the XRD patterns shown in Fig. 2 . During the exothermic reactions (see peaks in Fig. 2 The isothermal calorimetry data are shown in Fig. 3(a) . In both alloys the crystallization started after a certain incubation period (about 180 and 230 s for Cu 50 Zr 45 Al 5 and Cu 45 -Zr 45 Al 5 Ag 5 alloys at 745 and 746 K, respectively) which indicates nucleation and growth transformation mechanism.
All of the Avrami plots of lnðÀ lnð1 À xÞÞ vs. lnðtÞ [58] [59] [60] [61] [62] shown in Fig. 3(b) created according to the following kinetic law for the volume fraction (x) transformed as a function of time (t):
demonstrate a non-linear character which indicates that the nucleation and growth rates are rather time-dependent. Nevertheless, an average Avrami exponent (n) for Cu 45 Zr 45 -Al 5 Ag 5 alloy is close to 4 which may indicate the nucleation and 3-dimensional interface-controlled growth process. XRD results (see Fig. 2 ) indicate that although the Cu 10 Zr 7 phase is the main structure constituent in the studied alloys other crystalline phases also precipitate simultaneously indicating rather eutectic crystallization. At the same time a non-linear shape of the Avrami plot in Cu 50 Zr 45 Al 5 alloy and high values of the average Avrami exponent (about 4.8 and higher) argue for non-steady state nucleation and increasing nucleation rate upon the crystallization.
The structure of the Cu 50 Zr 45 Al 5 alloy after crystallization was studied using TEM. The sample exhibits rather degen- Fig. 2 XRD patterns of the studied alloys in a heat-treated state.
Influence of Al and Ag on the Devitrification Behavior of a Cu-Zr Glassy Alloyerated eutectic structure containing large equiaxed grains and nanoparticles of the Cu 10 Zr 7 phase and unidentified phase. The crystal structure of the particles is studied by selectedarea electron diffraction (SAED) and nanobeam electron diffraction (NBD). A number of diffraction patterns have been taken from large and small crystalline grains and some of them cannot be indexed using an orthorhombic oC68 lattice. The crystallization process of Cu 50 Zr 50 glassy alloy was initially studied long ago 22, 23) and the formation of an unidentified crystalline phase was observed at the initial stage of the crystallization process. Based on the T g and T x temperatures obtained by DSC the ribbon samples were studied by differential isothermal calorimetry (DIC) at 693, 698 and 710 K, respectively (Fig. 5) . The binary Cu 50 Zr 50 alloy exhibits inharmonic shape of the DIC traces, and thus, the shape of the Avrami plot is not linear indicating deceleration of the phase transformation with time. The average n values are about 2.2-2.4, which may indicate diffusion controlled growth. The XRD analysis indicates that the crystallizing phase is rather a metastable monoclinic CuZr phase. 63) This is in consistent with the Cu-Zr phase diagram which indicatives that cubic cP2 CuZr phase is unstable below 988 K 64) (991 K 65) ). The mP CuZr phase decomposes at higher temperature while Cu 10 Zr 7 and CuZr 2 phases are formed.
Discussion
The crystallization behavior of the studied alloys more-orless follows the equilibrium phase diagrams, that is, Cu 50 Zr 45 Al 5 and Cu 45 Zr 45 Al 5 Ag 5 glassy alloys exhibit rather eutectic crystallization 66) while the Cu 50 Zr 50 forms a nanoscale primary metastable CuZr phase with a monoclinic structure. The formation of such a phase may be initiated by the relatively low crystallization temperature compared to the temperature of eutectoid transformation in CuZr alloy of Another important reason is effective filling of space by atoms of different size. [68] [69] [70] Such a feature may also be favored at eutectic compositions at which liquid shows high stability. Nevertheless, as cooling conditions upon bulk glass casting are far from equilibrium 71) one must consider the effect of the metastable phase diagram and the shift of eutectic point. 43) The fact that the crystalline Cu 45 Zr 45 Al 5 Ag 5 alloy does not show a single stage eutectic reaction on melting 56) agrees well with the proposition that the best glassformers belong to slightly off-eutectic (equilibrium eutectic) compositions. 10, 72) Solute partitioning 73) upon eutectic crystallization may also be the reason restricting the crystallization rate of Al-and Ag-bearing alloys compared with the Cu-Zr one.
And last but not least, a recent study indicated that the alloys with high thermal expansion coefficient in the liquid state can be better glass-formers compared to the others. 74) This factor may also play a role in the improvement of the GFA of the studied alloys as well as the thermal conductivity term which is also important. 75) Such investigations are required to be performed in the future.
Conclusions
The influence of Al and Ag additions on the devitrification behavior of Cu-Zr glassy alloy on heating was studied. 
